Ionizing irradiation is a phytosanitary treatment that is increasing in application. The effect of low-oxygen, modified atmosphere storage on irradiation efficacy has not been addressed until recently. Hypoxia for 18 hours before irradiation until a couple of hours after irradiation reduced efficacy to varying degrees as measured by adult development or reproduction for four insects studied. It is recommended that irradiation phytosanitary treatments not be approved for commodities stored under hypoxic conditions until adequate research determines the effect of the specific modified atmosphere on efficacy and provides proper solutions on a case by case basis.
INTRODUCTION
Ionizing irradiation is used as a phytosanitary treatment in the United States of America and Australia with widespread potential for further use throughout the world (Hallman, 2001) . Storing and shipping agricultural commodities under hypoxic conditions is increasingly studied and practiced because it conserves quality and prolongs shelf life (Calderon and Barkai-Golan, 1990) . It has been known for decades that hypoxia reduces the detrimental biological effects of irradiation because fewer oxidative radicals are formed under hypoxia than ambient air (Pizzarello and Witcofski, 1967) . This knowledge is used to produce insects for sterile release programs that are still sterile while suffering fewer debilitative effects caused by radiation (Fisher, 1997) . Sometimes the dose must be increased to ensure that insects irradiated under hypoxia are sterile.
The effect of hypoxia on irradiation phytosanitary treatment efficacy has not been studied until recently. An estimated 17% increase in the ability of apple maggot, Rhagoletis pomonella, third instars to emerge as adults occurred when the larvae were held for 20 h before irradiation in a largely nitrogen atmosphere (Hallman, 2004b) . When fifth instar oriental fruit moths, Grapholita molesta, were held in a near 100% nitrogen atmosphere for 20 h prior to irradiation with 200 Gy, 5.3% of the larvae developed to the adult stage (Hallman, 2004a) , while none irradiated with 200 Gy in air developed to the adult stage. Reproduction of plum curculio, Conotrachelus nenuphar, increased 20 fold when adults were placed in nitrogen atmospheres 20 hours before irradiation versus adults irradiated in air (Hallman, 2005) .
The European corn borer, Ostrinia nubilalis, is a quarantine pest of agricultural products grown in North America east of the Rocky Mountains for shipment to the US west coast, British Columbia and many countries that do not have the pest in Latin America, Africa, Asia, and Pacific islands. For example, corn, broom corn, sorghum, sudangrass, green beans, bell peppers, and several flowers cannot be shipped to California unless they have been properly inspected or treated. Ionizing irradiation is being researched as a possible phytosanitary treatment against European corn borer (ECB). Because some of the products might be shipped under hypoxic conditions, the effect of hypoxia on irradiation efficacy needs to be studied.
MATERIALS AND METHODS

European Corn Borer
ECB were reared (Guthrie, 1987) from a colony at Ames, Iowa, and shipped to a quarantine containment facility in Weslaco, Texas for treatment and observation. The colony was established with about 500 each females and males collected in light traps in Polk and Story Counties in Iowa in July, 2003. This research was conducted with individuals from generations 7−9 arising from that colony.
A phytosanitary treatment must be effective against the most resistant stage that may be present on a shipped commodity. With irradiation, resistance increases with advancing development, making the most developed stage the latest one found on the commodity (Hallman, 2001) . Therefore, the stage used in this study was ECB pupae that were within two days from emergence.
Radiation Source
The radiation source used was 137 Cs (Husman model 521A, Isomedix, Inc., Whippany, NJ) located at the USDA-APHIS Mexican Fruit Fly facility at Mission, TX. It delivered a gamma ray dose rate of about 40 Gy.min -1 . Reference standard dosimetry was done in 1996 with the Fricke system. Routine dosimetry was done with radiochromic film (Gafchromic MD-55, ISP Technologies, Inc., Wayne, NJ) and read with a spectrophotometer (at 510 nm (Milton Roy Spectronic 401, Ivyland, PA). Routine dosimeters were placed inside the center and outside edges of the tubes with ECB pupae, which were the areas with the most extreme dose readings.
Irradiation Process
About 200 ECB pupae each that were to emerge in one or two days were placed inside 4 cm inside-diameter plastic tubes with fine mesh ventilation holes. The tubes in turn were located in the center of cylinders (polyvinyl chloride, 37.5 cm inside length, 10 cm inside diameter) fitted on one end with a screw cap sealed with vacuum grease and on the other end with 2 brass, barbed-nipple compression hose fittings (25 mm long, 4 mm inside diameter). In this way the pupae were restricted to the centermost ~10% of the irradiation chamber where the dose range was the most uniform. At 20, 16, and 2 h before irradiation with 50 Gy one of the cylinders was flushed for 2 minutes with gaseous nitrogen at a pressure of about 3 kPa and the hose fittings capped with rubber septa. A dose of 50 Gy does not completely prevent reproduction of ECB. It was chosen as a discriminating dose to measure possible differences among treatments. Two other cylinders were not flushed with nitrogen and the hose fitting ends were left uncovered. All cylinders were kept at 12.8°C until 2 hours after irradiation. At that point all of the cylinders were opened and the pupae removed and placed in cages at 25°C, 80% RH with water containing 10% sucrose and strips of paper for oviposition. There were 4 replicates. Every 2−3 days the number of egg masses and eggs laid, percentage hatching, and adult mortality were recorded. Data were analyzed with analysis of variance (Prism 4, www.graphpad.com).
RESULTS AND DISCUSSION
There were statistically significant differences among the treatments for number of ECB egg clusters and eggs per female, with the greatest being the control and the smallest those irradiated in ambient atmosphere (Table 1 ). Size of cluster was the same for the control (13.5 eggs) and those irradiated under hypoxia (13.3 eggs), with those irradiated under ambient atmosphere having a smaller mean cluster size of 6.9 eggs.
There were significant differences among all of the treatments for egg hatch (Table 1) . Irradiation in hypoxia increased egg hatch almost 3 fold compared with ambient atmosphere. Time until 50% of the adult population had died was not significantly different at the 5% level.
Hypoxia may reduce the efficacy of irradiation phytosanitary treatments against ECB. Studies will be done at the dose eventually identified to prevent reproduction in ambient atmospheres to determine if the same relationship holds at that dose under hypoxic conditions. Although hypoxia was found to reduce the efficacy of irradiation quarantine treatments for the oriental fruit moth (OFM), a different measure of efficacy was used than that used for ECB. Because OFM does not pupate within the host, the most radiotolerant stage that could occur on a shipped commodity is the last larval instar, and the measure of irradiation efficacy in this case is prevention of adult emergence. Although irradiation under hypoxia allowed for 5.3% OFM adult emergence at the dose (200 Gy) that prevented adult emergence in ambient atmospheres, the adults died before producing eggs (Hallman, 2004a) . Therefore, even though the treatment did not work, i.e., did not prevent adult emergence, when applied in hypoxic atmospheres, it would still prevent the establishment of a reproductive population, the ultimate goal of phytosanitary treatments.
The measure of efficacy for ECB must be prevention of reproduction (as measured by egg hatch in this case) because irradiation at doses effective for phytosanitary purposes does not prevent adult emergence from late pupae. Therefore, any failure in that goal may result in the establishment of a breeding population.
The effect of hypoxia on efficacy of irradiation phytosanitary treatments is a complex issue that has only recently been investigated and has yet to be discussed in irradiation protocols. Hypoxia itself is studied as a possible phytosanitary treatment, although the oxygen levels required to kill insects are usually lower than those used to preserve commodity quality. During this and like research to determine the effect of hypoxia on irradiation efficacy, the time the insects were under hypoxic conditions was <24 h, which is insufficient to cause measurable mortality by itself. Low-oxygen phytosanitary treatments in the temperature range of 0−25°C require >1 day to kill insects (Hallman, 1994) . It is conceivable that storage of several days under hypoxic conditions would not reduce the efficacy of an irradiation phytosanitary treatment because it would kill many of the insects while rendering survivors less able to withstand the radiation. The precise timing and conditions where hypoxia would not be a concern for its negative effect of the efficacy of irradiation phytosanitary treatments would need to be discovered possibly on a case by case basis. Until then, it would be prudent to not allow irradiation phytosanitary treatments to be applied to commodities under hypoxic storage.
Methods of reducing the effect of hypoxia may be devised. The most obvious is raising the irradiation dose. Hallman (2004a) found that the dose required to prevent adult emergence of irradiated OFM fifth instars in ambient atmospheres (200 Gy) would need to be more than doubled under the hypoxic conditions studied in order to achieve the same result. Another option is to irradiate commodities before hypoxic storage or after removal when the effect of hypoxia on any quarantine pests present has dissipated.
CONCLUSIONS
Irradiation of ECB late pupae in a hypoxic atmosphere reduced phytosanitary efficacy compared with irradiation in an ambient atmosphere. Irradiation as a phytosanitary treatment should not be used on commodities under hypoxic storage until the consequences have been adequately studied. Tables   Table 1. Mean numbers of European corn borer egg clusters and eggs per female, percentage hatch, and days to 50% adult mortality ± SEM after ionizing irradiation to late pupae in a nitrogen or ambient atmosphere. 
